C a 2ϩ is a key messenger that helps translate extracellular stimuli to intracellular responses. Controlled increases in cytosolic free Ca 2ϩ concentrations ([Ca 2ϩ ]cyt) regulate numerous processes, including membrane fusion, cytoskeleton organization, gene transcription, cell polarization, and cell death. Saccharomyces cerevisiae cells elevate [Ca 2ϩ ]cyt using Ca 2ϩ -selective channels that then activate an evolutionarily conserved signaling pathway that involves calmodulin, calmodulin-dependent protein kinases, and calmodulin-dependent protein phosphatases (calcineurin [Cn] ), most of which are highly expressed in mammalian cells (reviewed in reference 1).
Increases in [Ca 2ϩ ]cyt and the resulting activation of Cn are essential for survival of S. cerevisiae cells responding to mating pheromones (2) . Haploid cells can propagate with either a or ␣ mating types, and they secrete peptide mating pheromones, a-factor or ␣-factor, to coordinate the mating process (3) . Enhanced Ca 2ϩ influx through the low-affinity Ca 2ϩ influx system (LACS) and the high-affinity Ca 2ϩ influx system (HACS) begins approximately 40 min after pheromone stimulation (4, 5) . LACS is active in rich media and depends upon a transmembrane protein that resembles the regulatory TARP-subunits of ionotropic glutamate receptors in mammalian cells (6) . HACS is active in both rich and synthetic media and is usually required for survival of yeast cells during prolonged exposures to mating pheromones (5) . Similar to HACS-deficient mutants, calmodulin-and Cn-deficient cells slowly die when exposed to mating pheromones in the absence of mating partners (2, 5, (7) (8) (9) (10) (11) . This calcium signaling network therefore regulates cell death in response to stresses induced by mating pheromones. The homologous calcium network in pathogenic yeasts and molds also regulates cell death in response to endoplasmic reticulum (ER) stresses and azole-class antifungals (12) .
In S. cerevisiae, HACS has been defined by three interacting proteins-Cch1, Mid1, and Ecm7-which are homologous or analogous to subunits of mammalian L-type voltage-gated Ca 2ϩ channels (10, 11, (13) (14) (15) . Cch1, the homolog of the catalytic ␣ 1 -subunit of voltage-gated Ca 2ϩ channels (VGCCs), contains positively charged residues within its putative voltage-sensing S4 segments (10, 11) , suggesting that HACS, too, may be regulated by membrane depolarization. Indeed, a sudden rise of extracellular pH, which is thought to depolarize S. cerevisiae cell membranes (15, 16) , leads to rapid activation of HACS and elevation of [Ca 2ϩ ]cyt. Hyphal cells of the yeast Candida albicans also utilize Cch1 for responses to electrical stimuli (17) . However, coexpression of Cch1 and Mid1 from the fungus Cryptococcus neoformans in HEK293 cells produced currents that were largely insensitive to voltage in the narrow range tested (18) . Therefore, it is not yet clear whether physiological HACS activation in fungi involves membrane depolarization.
S. cerevisiae cells grow best in acidic media, and they employ an electrogenic H ϩ -ATPase for pH homeostasis and maintenance of a large resting voltage, estimated to be close to Ϫ200 mV (19) (20) (21) . K ϩ also contributes to the resting membrane voltage (22, 23) , and K ϩ uptake by proliferating S. cerevisiae cells largely depends on the related K ϩ transporters Trk1 and Trk2 (24) . In addition, wholecell patch recordings from protoplasts of trk1 trk2 mutant cells have demonstrated an ensemble of additional K ϩ -permeable "channels" that can be blocked by divalent cations (25, 26) . Although not formally proved to function as ion channels and not yet identified at the molecular level, these low-affinity transporters are thought to supply K ϩ necessary for the proliferation of trk1 trk2 double-knockout mutants grown on limiting K ϩ (25, 26) . In the present study, we describe two previously uncharacterized proteins, Kch1 and Kch2, which promote low-affinity K ϩ uptake and are essential for K ϩ -dependent activation of HACS in S. cerevisiae cells responding to mating pheromones. Both proteins localize to distinct zones of the yeast plasma membrane and are induced during the response to mating pheromones. They also promote cell survival in the presence of mating pheromones. Kch1 and Kch2 therefore define a novel family of fungus-specific proteins that promote K ϩ influx and utilization.
MATERIALS AND METHODS
Yeast strains, plasmids, culture media, and reagents. The S. cerevisiae strains used in the present study (Table 1) were obtained from original sources or were derived from parental strain W303-1A by means of standard genetic crosses or PCR-based methods for introducing knockout mutations and epitope-tags (27) . Yeast strains were cultured in rich yeast extract-peptone-dextrose (YPD) medium or synthetic SC medium (28) and shifted to alternative media as described below. Purified synthetic ␣-factor mating pheromone was obtained from the Johns Hopkins University Synthesis and Sequencing Facility and was dissolved in dimethyl sulfoxide (DMSO). FK506 was obtained from Astellas Pharma and dissolved in DMSO. Aqueous 45 CaCl 2 was purchased from MP Biosciences. The plasmids and oligonucleotides used in the present study are listed in Tables 2 and 3 . Plasmids pJB207 (FUS1-lacZ) and pEVP11/AEQ89 (ADH-aequorin) were described previously (29, 30) . Genomic KCH2 and KCH1 sequences were PCR amplified with linkers, using the forward primers KCH2-PstI-F and KCH1-PstI-F and the reverse primers KCH2-SalI-R and KCH1-SalI-R. They were then digested with PstI and SalI and cloned into pSM10 (31) to yield plasmids pCS01 and pCS02. The KCH2-HA 3 and KCH1-HA 3 genes were subcloned into p416MET25 after digestion with SmaI and XhoI to yield plasmids pCS43 and pCS44. HA 3 was subcloned from pSM10 into p416MET25 using SalI and XhoI enzymes, to yield plasmid pCS42. Green fluorescent protein (GFP)-KCH2-HA 3 and GFP-KCH1-HA 3 were PCR amplified from pCS35 and pCS36 using the forward primer MET25(GFP)-BglII-F and the reverse primer MET25(HA 3 )-XhoI-R, digested with BamHI and SalI, and then cloned into pEG311 to yield plasmids pCS47 and pCS48. Plasmids pEG311, pCS47, and pCS48 were linearized with BglII before transformation. Genomic KCH2 and KCH1 sequences were PCR amplified with linkers using the forward primers KCH2-PstI-F and KCH1-PstI-F and the reverse primers KCH2-XmaI-R and KCH1-XmaI-R and were then cloned into pEGFP-C3 after digestion with PstI and XmaI to yield plasmids pCS49 and pCS50.
45 Ca 2؉ uptake assays. Total cellular accumulation of Ca 2ϩ was measured as described previously (32) . Briefly, yeast cultures were grown to log phase in SC or YPD medium overnight, harvested, and resuspended in fresh SC-100 pH 4 medium spiked with tracer 45 CaCl 2 (Perkin-Elmer) with or without ␣-factor and FK506, as indicated in figures. SC-100 pH 4 medium was similar to SC medium, except the YNB component was replaced with yeast nitrogen base without calcium and magnesium (Sunrise Scientific Products), the pH was lowered to pH 4.0 using HCl, and the MgSO 4 and CaCl 2 were restored to 0.5 g/liter and 100 M, respectively. To maintain selection for plasmids, uracil or leucine were omitted as necessary. The effects of extracellular potassium and sodium and rubidium on Ca 2ϩ accumulation were tested by resuspending the log-phase cells in SC-100 pH 4 medium lacking sodium chloride and potassium phosphate and adding solutions of KCl, NaCl, or RbCl to the concentrations indicated in figures. Cultures were then incubated at 30°C in 96-well filtration plates (Millipore MultiScreen HTS plates) or in glass tubes for the specified times, and the cells were harvested by filtration, washed four times with ice-cold buffer A (10 mM CaCl 2 , 5 mM Na-HEPES [pH 6.5]) on a vacuum filtration unit (Millipore), and dried at room temperature. The filters were covered with Microscint20 scintillation cocktail (PerkinElmer), and counted using a TopCount NXT (Packard) or a Tri-Carb 2200 (Packard) liquid scintillation counter. The data were fit to the sigmoidal (variable slope) equation using nonlinear regression (Prism).
Aequorin luminescence measurements. Yeast strains were transformed with the aequorin expression plasmid pEVP11/AEQ89 (30) and grown to log phase in SC minus leucine. Cells (at an optical density at 600 nm [OD 600 ] of 1.0) were harvested, washed, resuspended in SC lacking leucine supplemented with coelenterazine (Molecular Probes), and incubated at room temperature for 30 min. The loaded cells were collected, resuspended in fresh YPD medium, and recovered for 90 min as described previously (5) . The cells were then transferred to fresh tubes, incubated at room temperature, read in a tube luminometer (LB9507; EG&G Wallac), and then injected with an equal volume of YPD medium adjusted to pH 10.0 with NaOH while recording luminescence at 0.2-s intervals.
Western blotting. Cultures were grown to log phase at 30°C in YPD medium, adjusted to an OD 600 of ϳ0.1, and split into four aliquots. Samples were treated with 1 g of FK506/ml, 25 M ␣-factor, or DMSO control (Sigma-Aldrich) for 3 h at 30°C before processing. Processing (31) . Blots were probed with anti-MYC monoclonal 9E10 antibodies (Covance). Growth measurements. Yeast strains were transformed with plasmids pCS42, pCS43, and pCS44 and grown overnight to saturation in SC medium lacking uracil and methionine but supplemented with 100 mM KCl. The cells were then harvested, washed twice with distilled water, and resuspended to an OD 600 of 1. The cells were serially diluted 10-fold in water, and 7 l of each dilution was spotted onto pH 4.5 SDAP medium (lacking uracil and methionine) in 2% noble agar. The pH 4.5 SDAP medium contained YNB trace elements and vitamins, 2% glucose, 10 mM arginine-HCl buffered to pH 6.5 with phosphoric acid, 200 M CaCl 2 , and 200 M MgSO 4 , as described previously (25) , as well as additional HCl for adjustment to pH 4.5 and either 50 or 100 mM KCl. The plates were photographed after 3 days of incubation at 30°C.
␤-Galactosidase assays. To measure the activation of the mating pheromone pathway, yeast strains were transformed with plasmid pJB207 bearing the FUS1-lacZ reporter gene and grown overnight to log phase in SC medium lacking leucine. Cells were then harvested and split into pH 4 SC-100 medium containing 0 or 10 mM KCl in the presence or absence of 20 M ␣-factor. The cells were incubated at 30°C for 1.5 h and assayed for ␤-galactosidase activity as described previously (33) .
Microscopy. Wild-type yeast strains were transformed with GFP-KCH1 and GFP-KCH2 genes under a constitutive promoter and grown overnight to log phase in SC medium. The cells were treated with 10 M ␣-factor for 1 h before imaging. HEK293T cells were cultured in Dulbecco modified Eagle medium (Gibco) containing 10% fetal bovine serum, transfected with plasmids pCS49 and pCS50 using Lipofectamine 2000 (Invitrogen), fixed in 4% paraformaldehyde, and stained with DAPI (4=,6=-diamidino-2-phenylindole). Both cell types were imaged on a 510 Meta Confocal LSM (Zeiss) using ϫ100 and ϫ40 objective lenses, respectively, and processed using ImageJ.
Electrophysiology of yeast cells. Whole-cell patch-clamp measurements were made on protoplasts of the kch1 kch2 double-deletion strain NZY165 and its parent strain K432, as previously described (34) . Briefly, the strains were grown in liquid YPD medium at 25°C on an orbital shaker, washed twice in 50 mM KH 2 PO 4 (pH 7.2) containing 0.2% ␤-mercaptoethanol, resuspended in the same buffer plus 1.2 M sorbitol and 0.6 U of zymolyase 20T (catalog no. 320921; IMP Biomedicals, Inc., Irvine CA), and incubated with slow rocking for 45 min at 30°C. The resulting protoplasts were spun down at low speed and resuspended in a stabilizing salt solution (220 mM KCl, 10 mM CaCl 2 , 5 mM MgCl 2 , and 0.2% glucose, plus 5 mM MES [morpholineethanesulfonic acid] titrated to pH 7.2 with Tris base). With occasional gentle mixing, protoplasts were stable in this suspension for several hours. For use, 2 l of suspension was pipetted onto the bottom of the recording chamber and allowed to settle for ϳ10 min, after which the chamber was filled and carefully flushed with a stream of standard recording buffer (150 mM KCl, 10 mM CaCl 2 , and 5 mM MgCl 2 , plus 1 mM MES titrated to pH 7.5 with Tris base) to remove debris and nonadherent cells. Patch pipettes were pulled to ϳ1.5 m tip diameter from 1.2 mm borosilicate glass, heat-polished to the shape of a pointed dome, and filled with a standard intracellular buffer (175 mM KCl, 1 mM EGTA, 0.15 mM CaCl 2 to yield 100 nM free Ca 2ϩ , 4 mM MgCl 2 , and 4 mM K 2 ATP titrated to pH 7.0 with KOH). Visibly clean protoplasts ϳ6 m in diameter were selected under bright-field illumination (ϫ400) and picked off the chamber bottom by the patch pipette under suction of ϳ8 cm HO. Gigaseals formed on usable cells within ϳ5 min and were allowed to stabilize for another 5 to 10 min. Whole-cell recording was obtained via a high-voltage pulse (750 mV, 100 s) coupled with brief doubling of suction pressure. Control of the voltage-clamp protocol, collection of current data, and preliminary analysis were carried out via an EPC9 amplifier and Pulse software (HEKA Elektronik, Lambrecht, Germany), interfaced with a PowerMac G4 microcomputer. The data were collected at 2 kHz and filtered at 250 Hz.
The control membrane voltage was held at Ϫ40 mV, and scans from this level were generated using 2.5-s pulses in 20 mV decrements (range, ϩ20 to Ϫ180 mV). Control scans were run in the standard recording buffer, and test scans were run in a similar solution but lacking both CaCl 2 and MgCl 2 and supplemented with 1 mM EGTA. Averaged currents for all scans at each voltage are shown (see 
TTTCTAATCACGTCTATCTAATTCATGAAATATGCAAAGGGCTTTTGCCAGCCTAgaattcgagctcgtttaaac EGTA, 10 mM glucose, 43 mM mannitol, 10 mM K-HEPES [pH 7.4]). After achieving a whole-cell patch, the membrane potential was initially clamped at Ϫ40 mV, and a series of voltage steps from ϩ100 to Ϫ120 mV was applied in 20 mV decrements for 1 s. The data were sampled at 10 kHz and filtered at 5 kHz for analysis (Axopatch 200B amplifier with pClamp 10 software; Molecular Devices). Current values at nearly the end of each step pulse were used to plot I-V relationships. All of the values were normalized by cell capacitance (pF) and have been represented as averages Ϯ the standard errors of the mean (SEM). Cells expressing GFP-Kch1 (n ϭ 19) were analyzed on 3 different days, and control samples (n ϭ 9) were analyzed on different days. For cation permeability experiments, the bath contained either a high-divalent Na ϩ buffer (130 mM NaCl, 5 mM MgCl 2 , 10 mM CaCl 2 , 10 mM glucose, 10 mM K-HEPES [pH 7.4]) or a lowdivalent Na ϩ buffer (140 mM NaCl, 1 mM EGTA, 10 mM glucose, 10 mM Na-HEPES [pH 7.4]). Voltage ramps (ϩ100 to Ϫ120 mV in 3 s) were applied to a whole-cell patch. Reversal potentials were obtained from the I-V plots as the crossing point between the high-and low-divalent buffers both in GFP-Kch1-expressing cells and control cells. The change in reversal potential (⌬V rev ) between GFP-Kch1 cells and control cells was used to calculate ion selectivity as follows: P Na /P K ϭ exp(⌬V rev F/RT), where F is the Faraday constant, R is the universal gas constant, and T is the absolute temperature.
Cell death measurements. Cultures were grown overnight to log phase in SC medium at 30°C. At an OD 600 of 0.1, cells were harvested, resuspended in SC-100 medium containing 25 M ␣-factor in the presence or absence of 100 mM CaCl 2 , and then incubated at 30°C for 7 h in a flat-bottom 96-well dish (Becton Dickinson). For plasmid expression, strains were transformed with plasmids pSM10, pCS01, and pCS02 and grown overnight to saturation in SC medium lacking leucine and methionine. The cells were then diluted back into fresh medium and allowed to recover. After recovery, 50 M ␣-factor was added, and the cells were incubated at 30°C for 6 h in a flat-bottom 96-well dish (Becton Dickinson). In both experiments, the preincubated cells (20 l) were mixed with 180 l of phosphate-buffered saline containing 1 g of propidium iodide/ ml, and the live and dead cells were counted automatically using a 96-well flow cytometer FACSArray (Becton Dickinson). At least 5,000 cells in each sample were counted.
RESULTS

KCH1
and KCH2 genes promote HACS activation by physiological stimuli. HACS activity in yeast can be measured by uptake of 45 Ca 2ϩ from the culture medium, and it is particularly strong when Cn-dependent feedback inhibition has been eliminated by the addition of FK506 or other Cn inhibitors (5, 35) . Recently, a collection of gene knockout mutants was screened for HACS deficiencies during the responses to two different stimuli: the ER stressor tunicamycin and the mating pheromone ␣-factor (15). Strong HACS deficiencies were observed in cch1, mid1, and ecm7 mutants in both conditions and a reexamination of the data revealed several other mutants with weaker HACS deficiencies. For example, the prm6 mutant exhibited a partial HACS deficiency in response to ␣-factor and the yjr054w mutant exhibited a partial HACS deficiency in response to tunicamycin. The homologous YJR054w and PRM6 genes, hereafter designated KCH1 and KCH2, respectively, arose from a whole-genome duplication event in an ancestral species of yeast (36) and are predicted to encode closely related transmembrane proteins. To test whether these genes function redundantly in HACS activation and whether the reduced 45 Ca 2ϩ uptake was a consequence of diminished sensitivity to mating pheromones, the single-and double-knockout mutants were reconstructed in the pheromone-hypersensitive W303-1A bar1 mutant background and assayed for 45 Ca 2ϩ uptake during exposure to ␣-factor and FK506. Under these conditions, the kch1 bar1 mutant behaved similarly to the parent strain, whereas the isogenic kch2 bar1 double mutant and the kch1 kch2 bar1 triple mutant exhibited mild and strong HACS deficiencies, respectively ( Fig. 1A and B) . 45 Ca 2ϩ uptake into the cch1 bar1 double mutant ing pheromone. 45 Ca 2ϩ uptake into log-phase cultures of S. cerevisiae strains that include combinations of Kch1, Kch2, Cch1, and the secreted protease Bar1 (strains K432, NZY164, NZY138, NZY165, EMY113) was measured after 4 h of incubation in SC-100 medium in the presence or absence of 10 M ␣-factor (A) plus 0.2 g of FK506/ml (B), as indicated. Averages for three biological replicates (Ϯ the standard deviations [SD]) are shown. (C) The wild-type strain and kch1, kch2, and kch1 kch2 double mutants with or without the functional CCH1 gene (strains CS12, CS01, CS02, CS03, CS04, CS05, CS06, CS07) all expressing cytoplasmic aequorin from a plasmid (pEVP11/AEQ89) were monitored for luminescence in YPD medium before and after the sudden jump to pH 9.
was slightly less than that of the kch1 kch2 bar1 triple mutant, indicating a nearly complete loss of the Cn-sensitive HACS activity in the double mutant. These findings suggest that the Kch1 and Kch2 proteins redundantly participate in HACS activation during the response to mating pheromones and not a consequence of desensitization by the Bar1/SstI protease that degrades ␣-factor.
Sudden elevation of environmental pH causes very rapid activation of HACS and elevation of [Ca 2ϩ ]cyt levels independent of Cn, as detected by measurements of aequorin luminescence (16) . Surprisingly, kch1 kch2 double mutants and both of the single mutants exhibited wild-type levels of aequorin luminescence after high-pH shock (Fig. 1C) . The further loss of CCH1 in these strain backgrounds almost completely eliminated the elevation of [Ca 2ϩ ]cyt (Fig. 1C) . Thus, KCH1 and KCH2 do not encode essential subunits of HACS but instead encode regulators that are specifically required for HACS activation in response to stimulation with mating pheromones.
Roles of Kch1 and Kch2 in yeast cell death. HACS and Cn are not required for mating and instead are required for the survival of yeast cells that are responding to mating pheromones but unable to find mates (2, 5, (7) (8) (9) (10) (11) . To determine whether KCH1 and KCH2 are also necessary for survival during prolonged episodes of pheromone signaling, cultures of the kch1 kch2 double mutant and the single mutants were exposed to ␣-factor and analyzed for dead cells after staining with propidium iodide as described previously (2) . Both kch1 and kch2 showed low levels of cell death in response to mating pheromone; however, the kch1 kch2 double mutant exhibited a large increase of cell death ( Fig. 2A) . Moreover, the pheromone-induced death of the kch1 kch2 double mutant was suppressed by elevation of extracellular Ca 2ϩ concentrations with the addition of 100 mM CaCl 2 ( Fig. 2A) . These conditions allow Ca 2ϩ to leak into the cell via other pathways and bypass the necessity of Cch1 and Kch1/2. Overexpression of either Kch1 or Kch2 was able to rescue viability of a kch1 kch2 double mutant but not a cch1 kch1 kch2 triple mutant (Fig. 2B) . Collectively, these data suggest that Kch1 and Kch2 function upstream of HACS and that cell death in the double mutant results from an inability to take up Ca 2ϩ from the extracellular environment and activate the calcium signaling pathway.
Expression, regulation, and localization of Kch1 and Kch2. The products of KCH1 and KCH2 were predicted to contain at least two transmembrane spans (38) . PSI-BLAST searches of current protein databases revealed homologous proteins encoded in the genomes of nearly all fungi but not in other eukaryotic or prokaryotic species, suggesting a fungus-specific gene family (data not shown). Multiple sequence alignments of representative members of the Kch2 family of proteins revealed strong amino acid sequence conservation within the N-terminal 290 amino acid residues of Kch1 and Kch2, which included all of the predicted transmembrane segments (data not shown). The C-terminal tails were hydrophilic and highly variable in length and sequence. None of the proteins in the Kch1 family have been studied previously.
To study the expression patterns of Kch1 and Kch2, the MYC 13 epitope tag was inserted at the C termini of these proteins by homologous recombination into the yeast genome. Western blots of whole-cell lysates showed expression of Kch1 and Kch2 proteins to be enhanced in cells exposed to ␣-factor (Fig. 3A) . In the absence of ␣-factor, basal expression of Kch2 was undetectable. Transcription of the KCH1 and KCH2 genes was strongly induced during the response to ␣-factor (37, 38) , which led to the original naming of KCH2 as pheromone-regulated membrane protein 6 (PRM6). The induced Kch1 and Kch2 proteins both migrated as doublets on SDS-PAGE, but changes in their gel mobility and their expression levels were not reproducibly altered by the additional exposure of the cells to FK506. These results suggest that upregulated expression of Kch1 and Kch2 mediates the activation of HACS during the response to mating pheromones and that Cn likely inhibits HACS directly (39) rather than inhibiting Kch1 or Kch2.
To determine the spatial distributions of Kch1 and Kch2 in the cell, the proteins were tagged with GFP at their N termini and overexpressed from a constitutive promoter. Both GFP-tagged proteins were able to prevent cell death when expressed in kch1 kch2 mutant cells (data not shown), suggesting that fusion proteins were functional. GFP-Kch1 fluorescence was localized to the plasma membrane region of log-phase cells, with a slight enrichment in the growing bud, compared to the mother cell body (Fig.  3B) . GFP-Kch2 fluorescence was localized to the distal tip of growing buds and to the vacuole lumen (Fig. 3C) . The simplest interpretation of these findings is that Kch2 is initially delivered to sites of cell growth but is subsequently endocytosed and trafficked to the vacuole, likely at different rates from other regions of the Kch1 and Kch2 promote K ؉ uptake and K ؉ -dependent activation of HACS. Given the high sequence similarities between Cch1 and the catalytic subunits of mammalian voltage-gated Ca 2ϩ channels (10, 11), we supposed that activation of HACS during the response to mating pheromones is likely to involve electrical depolarization of the cell membrane. To test whether HACS activity requires the influx of K ϩ or Na ϩ , we measured 45 Ca 2ϩ uptake into wild-type and kch1 kch2 mutant yeast cells responding to ␣-factor and FK506, but in medium lacking these cations. Omission of K ϩ and Na ϩ from the media resulted in an impairment of HACS activity that could be complemented by the addition of extracellular K ϩ (Fig. 4A) . However, removal of K ϩ did not block other cellular responses to ␣-factor, such as expression of the pheromone-responsive FUS1-lacZ reporter gene (Fig. 4B) . Thus, extracellular K ϩ was specifically required for HACS activation in response to mating pheromone.
Yeast cells normally accumulate K ϩ via two high-affinity transporters, termed Trk1 and Trk2 (24) , which are required for proliferation in low-K ϩ culture media. Knockout mutations that destroy Kch1 and Kch2 functions did not detectably exacerbate the K ϩ -requirements of strains lacking Trk1 and Trk2 (data not shown). However, in low-pH media designed to block residual K ϩ uptake (25) , the overexpression of either Kch1 or Kch2 in trk1 trk2 double-mutant cells significantly improved the growth relative to controls (Fig. 5A) . Similar growth enhancement was also observed in trk1 trk2 mid1 triple mutants, implying that Kch1 and Kch2 can promote K ϩ uptake independently of HACS. In the absence of mating pheromones and the presence of FK506, the overexpressed Kch1 and Kch2 proteins stimulated 45 Ca 2ϩ uptake in wild-type cells and not in cch1 mutant cells ( 
5B
). This Kch1-and Kch2-dependent HACS activation was not observed in culture medium depleted of K ϩ and Na ϩ ( Fig. 5C and  D) . Titration of Na ϩ , K ϩ , and Rb ϩ salts into the medium demonstrated that K ϩ and Rb ϩ were 4-to 40-fold more effective than Na ϩ at restoring Kch2-and Kch1-dependent activation of HACS. Taken together, these data suggest that Kch1 and Kch2 can mediate the influx of K ϩ from the external environment and that this K ϩ influx is essential both for the activation of HACS and for the accumulation of Ca 2ϩ . Kch1 and Kch2 define a novel family of K ؉ transporters. S. cerevisiae cells display a variety of inwardly rectified cation currents, dubbed NSC currents (25, 26) , that have not been identified at the molecular level. To determine whether Kch1 and Kch2 might contribute to these currents, the kch1 kch2 double-knockout strain and the wild-type parent strain were grown under standard conditions, protoplasted, and analyzed by whole-cell patchclamping (see Materials and Methods). The kch1 kch2 mutant cells exhibited inward K ϩ currents at negative membrane voltages that were only ϳ40% of the currents in wild-type cells. This can be seen by comparing either the individual downward traces in Fig. 6A or the averaged steady-state values (plotted against membrane voltage) in Fig. 6B . Figure 6A also demonstrates that the amplitudes of the two sets of currents evolved differently in time. The implied difference tracings are shown against an expanded ordinate scale, in Fig. 6C , where they have been fitted (smooth red curves) by the sum of two simple exponential functions plus an offset (see Materials and Methods). The same rate constants-7.73/s and 0.21/s (corresponding to half times of 0.09 and 3.27 s)-satisfied all six tracings. The kch1 kch2 double-mutant cells appeared to lack the faster evolving current. These findings show that Kch1 and Kch2 are necessary components of NSC currents in S. cerevisiae and that additional unidentified K ϩ -permeable channels or transporters also exist.
To test the hypothesis that Kch1 and Kch2 directly promote K ϩ flux through the membrane, we expressed the GFP-Kch1 and GFP-Kch2 fusion proteins in human HEK293T cells and carried out whole-cell voltage-clamp measurements. GFP-Kch1 clearly localized to the cortex of HEK293T cells (Fig. 7A) , whereas GFPKch2 primarily localized to punctae within the cell bodies and was not studied further. At Ϫ120 mV, the average inward current in the cells expressing GFP-Kch1 (34.9 Ϯ 7.5 pA/pF; n ϭ 19) was significantly higher than that of control cells (13.5 Ϯ 2.6 pA/pF; n ϭ 9). Similar to the total inward K ϩ currents in wild-type S. cerevisiae cells (Fig. 6C) , the Kch1-dependent currents in HEK293T cells exhibited inward rectification (Fig. 7D) and were blocked by divalent cations in the bath (Fig. 7C) . In addition, the Kch1-dependent currents in HEK293T cells were equally permeable to Na ϩ versus K ϩ (P Na /P K ϭ 1.088), suggesting that Kch1 induces nonselective cation channels in these assay conditions. Collectively, the findings support a model where Kch1 directly functions as a K ϩ -permeable transporter or channel in S. cerevi-
FIG 5 Kch1 and Kch2 promote K
ϩ uptake and K ϩ -dependent activation of HACS. (A) A trk1 trk2 double mutant and a trk1 trk2 mid1 triple mutant (CS30 and CS163) bearing a control plasmid or plasmids overexpressing KCH1-HA 3 or KCH2-HA 3 genes (pCS42, pCS43, and pCS44) were serially diluted and then spotted onto SDAP pH 4.5 agar medium lacking methionine but containing 100 or 50 mM KCl as indicated. Colonies were photographed after 3 days incubation at 30°C. (B) 45 Ca 2ϩ uptake into log-phase cultures of kch1 kch2 double mutants and cch1 kch1 kch2 triple mutants (CS03 and CS08) transformed with control plasmid or plasmids overexpressing KCH1-HA 3 and KCH2-HA 3 genes, in SC-100 medium supplemented with 1 g of FK506/ml and incubated for 1.5 h. (C) 45 Ca 2ϩ uptake into the kch1 kch2 double mutants expressing KCH1-HA 3 and KCH2-HA 3 genes was performed in SC-100 media that had been supplemented with 0.2 g of FK506/ml plus the indicated concentrations of KCl, RbCl, or NaCl. The data points were normalized to corresponding plasmid controls to represent Kch1-and Kch2-dependent calcium uptake. Plots depict averages (Ϯ the SEM).
siae with physiological roles in the stimulus-dependent activation of HACS.
DISCUSSION
The evidence presented here suggests that Kch1 and Kch2 activate HACS and downstream components of the essential calcium signaling pathway in S. cerevisiae cells during the response to mating pheromones through their ability to transport K ϩ , likely through the partial depolarization of the plasma membrane. The maintenance of Kch1-related proteins and Cch1-related proteins in most other fungal species suggests that fungi in general may utilize membrane depolarization in the regulation of HACS activity, similar to the mechanism by which mammalian cells regulate VGCCs. These findings and their implications are discussed below in more detail.
Kch1 and Kch2 define a novel family of ion transporters in fungi. Most K ϩ uptake in S. cerevisiae occurs via the high-affinity and moderate-affinity K ϩ transporters Trk1 and Trk2 (24) . Mutant cells that lack both Trk1 and Trk2 fulfill their nutritional requirements for K ϩ using an ensemble of unidentified low-affinity K ϩ uptake systems that can be distinguished electrophysiologically by their rates of evolution after voltage changes (e.g., instantaneous, fast, and slow components), their permeability to Li ϩ , and sensitivities to other inhibitors (25, 26) . Kch1 and Kch2 were specifically required for the fast-evolving K ϩ influx current in S. cerevisiae cells (Fig. 6) (Fig. 5A) . Importantly, Kch1 and Kch2 cannot be the sole sources of K ϩ uptake because kch1 kch2 trk1 trk2 quadruple mutants exhibited the same K ϩ requirements as the trk1 trk2 double mutants (unpublished observations) and because the kch1 kch2 double mutant still retained significant K ϩ currents (Fig. 6) . Our further observation that Kch1 can generate K ϩ currents in HEK293T cells that have selectivity, inhibitor sensitivity, and rectification properties resembling the Kch1/2-dependent currents in S. cerevisiae argues strongly that Kch1 and Kch2 can function as the catalytic subunit of ion transporters or channels. However, more experiments will be necessary to rule out the remote possibility that Kch1 regulates an unidentified K ϩ transporter that is conserved in both S. cerevisiae and human cells.
Kch1 and Kch2 exhibit strong sequence similarity to one another and to uncharacterized proteins present in most other fungi. No homologs of this family can be found in animals, plants, or other eukaryotic species. Many K ϩ channels of bacteria and eukaryotes function as oligomers of subunits that have two or six transmembrane segments with a conserved ion selectivity filter located between the final two transmembrane segments (40) . The yeast Trk1 and Trk2 K ϩ transporters contain four internal repeats of the minimal channel domain present in the homotetrameric KcsA channels of Streptomyces lividans (41) . Tok1, a bona fide, outwardly rectifying K ϩ channel in yeast, appears to form a dimer of subunits that contain two internal repeats of the channel domain (42) (43) (44) . Each of these K ϩ channel domains contains a TVGYG-related sequence that helps form the ion selectivity filter (41, 45) . Kch1 and its homologs in other fungi do not contain any TVGYG-related sequence motifs or any other conserved motifs that would be indicative of channel or transporter activity. A better understanding of the transmembrane topology, the oligomeric states, the hypothetical selectivity filter, the transport and gating kinetics, and the regulatory regions of Kch1 and Kch2 will help resolve the means by which this novel family of proteins promotes K ϩ influx into fungal cells. Activation of HACS by Kch1 and Kch2. We first identified kch1 and kch2 mutants in a functional screen for genes that were required for activation of HACS in response to mating pheromones and ER stress (15) . We show here that mating pheromones induced expression of both Kch1 and Kch2 and overexpressed Kch1 and Kch2 localized to the plasma membrane and activated HACS independent of pheromone stimulation. Thus, Kch1 and Kch2 play crucial roles in HACS activation by mating pheromones. In addition, extracellular K ϩ was required for HACS activation in these conditions, although higher concentrations of Rb ϩ and Na ϩ could partially replace K ϩ (Fig. 5) . The apparently strong preference for K ϩ over Na ϩ was not observed in electrophysiological recordings of unstimulated S. cerevisiae protoplasts or in HEK293T cells expressing Kch1. This discrepancy may be attributed to several factors. First, the HACS activity assays are performed in standard culture media rather than simple buffers, and therefore represent a more physiological state where additional factors or posttranslational modifications may promote ion discrimination. The ability of Trk1 to discriminate K ϩ and Na ϩ dramatically depends on signaling pathways that respond to environ- mental conditions (46) . Second, K ϩ and Na ϩ may differentially couple to the activation of HACS through either chemical or electrical intermediates.
The catalytic subunit of HACS, Cch1, is homologous to VGCCs of mammals that are responsive to changes in transmembrane electrical potential through effects on four repeated voltagesensing domains (47) . Mammalian VGCCs generally contain 19 positioned lysine and arginine in the voltage sensing "S4" domains, whereas Cch1 and its homologs in fungi typically contain 11 to 12 lysine and arginine residues at these sites (10, 11, 18) , potentially altering the speed and sensitivity of their responses to changes in membrane voltage. Cch1-dependent ion currents have not yet been directly recorded in S. cerevisiae or other fungi. After coexpression of Cch1 and Mid1 homologs from the fungus Cryptococcus neoformans in HEK293 cells, a Ca 2ϩ -selective channel was recorded, but these currents were largely insensitive to voltages within the narrow range tested (Ϫ80 to ϩ70 mV) (18) . It is possible that voltage sensitivity of this HACS-like fungal channel would be observed at more physiological membrane potentials for fungi (approaching Ϫ200 mV) or when the cells coexpress the regulatory ␥-subunit, which was recently identified in S. cerevisiae (15) . Interestingly, the reconstituted Cch1-Mid1 channel from C. neoformans became voltage sensitive when Ba 2ϩ was substituted for Ca 2ϩ as the charge carrier (18) , potentially indicating some feedback regulation by Ca 2ϩ . Although there is no direct evidence that fungal HACS channels sense and respond to membrane depolarization, sudden dissipation of the transmembrane H ϩ gradient led to rapid activation of HACS in S. cerevisiae (16) and C. albicans (48) in a fashion that bypassed the requirement for Kch1 and Kch2 (Fig. 1) . Although we cannot rule out the possibility that Kch1 and Kch2 activate HACS by more complex mechanisms, the simplest interpretation of the available data is that Kch1 and Kch2 activate HACS via electrical depolarization of the yeast plasma membrane associated with K ϩ influx. K ϩ plays a definite role in regulating the resting membrane voltage of yeast, as reflected by the relative hyperpolarization of the plasma membrane in trk1 trk2 mutants and by the relative depolarization of tok1 mutants (22, 23) . It is therefore consistent that pheromone-dependent induction of Kch1 and Kch2 expression should promote K ϩ influx with partial depolarization of the plasma membrane. Until now, there has been no direct evidence of either enhanced K ϩ uptake or membrane depolarization during the response to mating pheromones. Early studies failed to detect any significant effect of ␣-factor exposure on the uptake of Rb ϩ as a surrogate for K ϩ (4), but the activities of Kch1 and Kch2 in that experiment may have been overwhelmed by those of nutritional activities Trk1 and Trk2. It will be interesting to revisit this question using cells that lack Trk1 and Trk2 or overexpress Kch1 and Kch2 combined with new probes for direct measurement of transmembrane potential (22, 23) .
Kch1 and Kch2 function at the apex of death-suppressing regulatory pathway. HACS, calmodulin, and Cn are not necessary for the efficient mating of S. cerevisiae cells, but they are necessary for the survival of nonmating cells exposed to mating pheromones. The kch1 kch2 double mutant died as dramatically as cch1 mutants, and the lethal effects of mating pheromones could be rescued by the addition of high Ca 2ϩ to the culture medium (Fig.  2) . These experiments position Kch1 and Kch2 at the apex of the calcium signaling pathway that is used by S. cerevisiae cells for survival during prolonged exposures to mating pheromones. Ca 2ϩ influx through HACS and activation of Cn is also necessary for survival of S. cerevisiae cells exposed to compounds that stress the endoplasmic reticulum (35) . These stressors include tunicamycin, dithiothreitol, and Ca 2ϩ starvation, which all disrupt biogenesis and trafficking of secretory proteins and consequently activate the unfolded protein response (UPR) signaling pathway. The UPR factors Ire1 and Hac1 were not required for death-promoting effects of tunicamycin or the death-suppressing activation of HACS. Instead, the stress-responsive Slt2/Mpk1 protein kinase and many of its upstream regulators were required for HACS-dependent Ca 2ϩ uptake in response to ER stressors (39) . Preliminary findings suggest Kch1, rather than Kch2, responds to tunicamycin and other ER stressors and activates HACS (unpublished observations). Kch2 therefore appears to function specifically in the response to mating pheromones upon induction by the pheromone-responsive transcription factor (38) .
Diverse pathogenic fungi, ranging from the yeast Candida albicans to the basidiomycete Cryptococcus neoformans, require the activation of Cn in order to survive assault with the most common class of antifungal drugs, the inhibitors of sterol biosynthesis (12) .
HACS has been shown to be necessary for survival of S. cerevisiae and Candida glabrata cells during exposure to azole-class compounds (18, 35, 49) . Although it is not yet known whether homologs of Kch1 and Cch1 contribute to Cn activation and survival in clinically relevant situations, compounds that specifically inhibit Kch1 or HACS in fungi may augment the potency of azoleclass compounds in antifungal therapies by diminishing the activation of Cn and downstream processes that are essential for fungal cell survival.
